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I n t r o d u c t i o n  

The term " i n h e r e n t  mineral  m a t t e r ,  o r  ash"  i s  a commonly used 
phrase i n  t h e  c o a l  l i t e r a t u r e  (1). The phrase  r e f e r s  t o  t h a t  f r a c t i o n  
of t h e  mineral matter bound o r g a n i c a l l y  t o  t h e  carbonaceous s t r u c t u r e  
of  t h e  c o a l  and e s t i m a t e s  of i t s  conten t  suggest  t h a t  i t  i s  i n  t h e  
range  o f  two weight  p e r c e n t  of  t h e  whole minera l  mat te r  (1). Common 
c l a s s i c a l  p h y s i c a l  s e p a r a t i o n  schemes such as d i f f e r e n t i a l  s p e c i f i c  
g r a v i t y  s e p a r a t i o n s  or f r o t h  f l o t a t i o n  which a r e  d i r e c t e d  a t  deminer- 
a l i z i n g  the coa l  never  approach t h a t  lower l i m i t .  For example, a t  t h e  
o u t s e t  of t h i s  i n v e s t i g a t i o n  one could  r e c e i v e  a r a w  P i t t s b u r g h  seam 
c o a l  a t  30 weight p e r c e n t  a s h  and through c a r e f u l  f l o a t - s i n k  processes  
reduce t h a t  a s h  c o n t e n t  i n t o  t h e  range  of f o u r  t o  f i v e  weight  percent .  
P r a c t i c a l l y  reducing  t h a t  a s h  c o n t e n t ,  however, t o  below t h r e e  weight 
percent  wi th  a r e a s o n a b l e  y i e l d  w a s  q u i t e  u n l i k e l y  ( 2 ) .  One conse- 
quence of t h e  l a r g e  weight f r a c t i o n  d i f f e r e n t i a l  between t h e  p r a c t i c a l  
l i m i t  of d e m i n e r a l i z a t i o n ,  and i f  you l i k e ,  t h e  t r u e  " i n h e r e n t "  l i m i t  
of d e m i n e r a l i z a t i o n  w a s  a t o t a l  l a c k  of understanding a s  t o  whether o r  
not t h a t  minera l  f r a c t i o n  could indeed be  e x t r a c t e d  by p h y s i c a l  means. 
With t h i s  as a b a s i s ,  f u r t h e r  q u e s t i o n s  could  b e  r a i s e d  a s  t o  whether 
or not  t h a t  r e t a i n e d  minera l  m a t t e r  w a s  a t r u e  d i s t i n c t  minera l  phase, 
or i f  so, could i t  be bound chemical ly  a long t h e  i n t e r f a c e s  t o  t h e  
c o a l  s t r u c t u r e  r e n d e r i n g  t h o s e  p a r t i c l e s  inseparable .  M o s t  simply, i n  
a l l  cases  one could  ask  t h e  ques t ion  does a s e p a r a t i o n  of  mineral mat- 
ter from the c o a l  t a k e  place i n  a l l  cases when c o a l  i s  f r a c t u r e d  and 
t o  what e x t e n t ,  or l i m i t ,  can t h e  f r a c t u r e  p r o c e s s  be u t i l i z e d  i n  t h e  
deminera l iza t ion  of c o a l .  

A series of  experiments  w a s  ass igned  t o  explore  t h e  e x t r a c t i o n  of 
mineral  m a t t e r  from coal  i n  t h e  s i z e  ranges  below 0 .25  nun. The raw 
c o a l  samples were o b t a i n e d  from t h r e e  d i f f e r e n t  sources  i n  t h e  P i t t s -  
burgh seam which p e r m i t t e d  a degree  o f  comparison over a r a t h e r  l a r g e  
geographic a r e a .  The r e s u l t s  are i n t e r e s t i n g  i n  t h a t  t h e y  a l l o w  a new 
p e r s p e c t i v e  i n  t h e  d e m i n e r a l i z a t i o n  of  c o a l .  

ExDe rimenta 1 

The P i t t s b u r g h  seam c o a l s  used i n  t h i s  i n v e s t i g a t i o n  h a s  a nomi- 
n a l  a n a l y s i s  a s  i l l u s t r a t e d  i n  Table 1. 

Lots of  P i t t s b u r g h  seam c o a l  i n  excess  of 1000 pounds each w e r e  
rece ived  from t h r e e  d i f f e r e n t  sources  i n  Washington County: Mine (A) 
was l o c a t e d  about  20 m i l e s  w e s t  of  P i t t s b u r g h ;  Mine ( B )  was loca ted  
j u s t  south of  P i t t s b u r g h ;  and Mine (C) was l o c a t e d  about  40 m i l e s  
s o u t h  of P i t t s b u r g h .  Representa t ive  samples from each source  were ob- 
t a i n e d  by ASTM procedures  and subjec ted  t o  t h e  fol lowing process ing .  

A raw c o a l  sample w a s  reduced t o  250 pm x 0 by dry  mechanical 
crushing i n  a hammermill and then ground i n  a l a b o r a t o r y  sample m i l l .  
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The mechanical ly  ground c o a l  w a s  then mixed w i t h  water t o  form a s l u r -  
r y  wi th  30 weight p e r c e n t  s o l i d s  and p laced  i n  a s tandard  l a b o r a t o r y  
bal l  m i l l .  A l l  of b a l l  m i l l i n g  v a r i a b l e s  were he ld  c o n s t a n t  except  
f o r  t h e  d u r a t i o n  o f  m i l l i n g  which permi t ted  a v a r i a t i o n  of t h e  parti- 
c le  s i z e  d i s t r i b u t i o n .  I n  t h e  event  t h a t  chemicals  were employed 
dur ing  t h e  b a l l  m i l l i n g  o p e r a t i o n  t h o s e  chemicals  were incorpora ted  
i n  a n  excess  of t h e  amount of t h e  s tandard  m i l l  c o n t e n t .  

The c o a l  water s l u r r y  was removed from t h e  m i l l ,  d i l u t e d  with 
water t o  t e n  weight percent  s o l i d s  and t h e  c o a l  f r a c t i o n  removed u t i -  
l i z i n g  t h e  Ot i sca  T-Process (2 ,3) .  Separa t ions  by t h e  T-Process are 
unique i n  t h a t  agglomerat ion r e s u l t s  i n  t h e  recovery of v i r t u a l l y  100% 
of t h e  carbonaceous material leav ing  a f u l l  d i s p e r s e d  minera l  phase i n  
t h e  r e s i d u e  water .  Many d e t a i l e d  i n v e s t i g a t i o n s  of  t h i s  type  have 
concluded t h a t  minera l  matter recovered w i t h  t h e  c o a l  phase is includ-  
ed i n  t h e  c o a l  t h a t  is  t h e  a s h  conten t  of t h e  product  c o a l  r e p r e s e n t s  
only t h a t  mineral  matter mechanical ly  a t t a c h e d  t o  o r  enveloped by t h e  
coal. 

A n a l y t i c a l  procedures  f o r  ash  (h igh  tempera ture ,  HT) and s u l f u r  
conten ts  w e r e  conducted accord ing  t o  ASTM procedures .  Low temperature  
a s h  procedures  w e r e  conducted a t  55OoC i n  an oven w i t h  a n  adequate  
supply of oxygen. The d i f f e r e n c e  i n  minera l  matter morphology and 
chemistry between t h i s  technique and t h e  l o w  tempera ture  ash ing  method 
descr ibed  by Gluskoter  (31, can be  a n t i c i p a t e d  from t h e  paper by 
Mitchelland Gluskoter  ( 4 ) .  P r i n c i p a l l y  t h e  h i g h e r  tempera ture  ash ing  
process  w i l l  conver t  p y r i t e  t o  hemat i te  and k a o l i n i t e  t o  metakaolin- 
i t e .  Between 30% and 50% of t h e  minera l  m a t t e r  i n  t h e  P i t t s b u r g h  c o a l  
i s  considered t o  b e  k a o l i n i t e  ( 5 ) ,  and i n  t h i s  i n v e s t i g a t i o n  w e  pre- 
sumed t h a t  t h e  550°C ash ing  procedure d i d  not  s i g n i f i c a n t l y  a l t e r  t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  of  t h e  o r i g i n a l  k a o l i n i t e  p a r t i c l e s .  

A Micromeri t ics  5500L u n i t  w a s  used t o  o b t a i n  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  d a t a  f o r  t h i s  i n v e s t i g a t i o n .  Data from t h e  Micromeretics 
u n i t  using a one pm mode sample was compared w i t h  t h e  d a t a  developed 
by t h e  manufacturer from a C o u l t e r  Counter on t h e  same sample t o  with-  
i n  t e n  percent .  
a c t e r i z e  t h e  p a r t i c l e s  on  a n  a b s o l u t e  b a s i s .  The observed a r e a  per- 
c e n t  d a t a  from t h e  Micromeretics u n i t  was t ransposed  t o  a m a s s  p e r c e n t  
base  a t  d a t a  p o i n t s  y ( i n  pm) f o r  a l l  of t h e  p o i n t s  y = 2x where 
x = n + 0.5 and n = - 3 ,  -2.5, "'O"', i?, +?.5. The d a t a  p i n t  a t  y 
r e p r e s e n t s  t h a t  mass f r a c t i o n  of material  l y i n g  i n  t h e  s i z e  range 
x ?r 0.25 um. Thus a summation of a l l  of t h e  d a t a  p o i n t s  r e p r e s e n t s  
t h e  mass f r a c t i o n  of a s h ,  o r  product  c o a l ,  a s  t h e  case might be. 

Even w i t h  t h i s  i n  hand t h e r e  w a s  no a t tempt  t o  char- 

The fo l lowing  p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  are given a s  a l o g  
d i s t r i b u t i o n  i n  p a r t i c l e  diameter  ( p m )  where t h e  mass p o i n t s  are in-  
terconnected f o r  convenience of comparison a t  t h e  expense of r i g o r .  
Typical  d i s t r i b u t i o n s  a r e  bel l -shaped where t h e  mode i s  def ined  a s  t h e  
p a r t i c l e  diameter  a t  t h a t  p o i n t  of h a l f  width of t h e  curve  a t  t h e  h a l f  
he ight  of t h e  maximum. The Micromeri t ic  u n i t  is based on a S t o k e s '  
Law s e t t l i n g  t o  t h e  p a r t i c l e s  where one must choose an average s p e c i f -  
i c  g r a v i t y  of p a r t i c l e s  under i n v e s t i g a t i o n  b e f o r e  t h e  d a t a  are re- 
corded. I n  those  cases where low temperature a s h  p a r t i c l e s  were in- 
v e s t i g a t e d ,  t h e  i r o n  minera ls  with a d e n s i t y  l a r g e r  t h a n  4 m s / c c  were 
separa ted  from t h e  c l a y  minera ls  wi th  d e n s i t i e s  less t h a n  3 gms/cc, 
t h e  d i s t r i b u t i o n s  measured i n d i v i d u a l l y  and t h e n  t h e  s i z e  d i s t r i b u -  
t i o n s  were recombined mathematical ly .  The product  c o a l s  demonstrated 
a very narrow s p e c i f i c  g r a v i t y  d i s t r i b u t i o n  i n  t h e  range  o f  1.33. 
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Figure 1 i l l u s t r a t e s  t h e  p a r t i c l e s  s i z e  d i s t r i b u t i o n  of the. min- 
e r a l  mat ter  t h a t  r e s u l t s  from t h e  low temperature  ash ing  of  t h r e e  5 c m  
cubes of b r i g h t  c o a l  t h a t  w e r e  hand-picked from t h e  v a r i o u s  samples. 
The a s h  c o n t e n t s  w e r e  i n  t h e  range o f  f i v e  weight percent .  It i s  of 
i n t e r e s t  t o  n o t e  t h a t  band of minera l  m a t t e r  p a r t i c l e s  t h a t  l i e  i n  t h e  
p a r t i c l e  d iameter  range between one and 50  pm w i t h  a mode between 
f o u r  and e i g h t  pm. The p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  from t h e  l o w  
temperature  ash ing  of  the 5 c m  cubes o f  c o a l  show t h a t  raw c o a l  from 
each source h a s  a unique " f i n g e r p r i n t "  of mineral  mat te r  p a r t i c l e s  
d i s t r i b u t e d  i n  t h e  p a r t i c l e  s i z e  range below 0.25 rrnn. 

I n v e s t i g a t i o n s  of  many o t h e r  c o a l  seams and c o a l s  w i t h i n  a par- 
t i c u l a r  seam i n d i c a t e  t h a t  indeed t h e  minera l  m a t t e r  d i s t r i b u t i o n  var- 
ies widely both i n  shape and magnitude and as such cannot be a n t i c i -  
pa ted  f r o m  o t h e r  c o a l  p r o p e r t i e s .  The minera l  m a t t e r  d i s t r i b u t i o n  i s  
a fundamental p r o p e r t y  o f  t h a t  c o a l  which is a n  uncont ro l led  n a t u r a l  
v a r i a b l e  i n  t h e  e x t r a c t i o n  of minera l  matter. 

I n  o r d e r  t o  demonst ra te  t h a t  t h e  5 c m  cube w a s  c o n s t i t u t e d  of a n  
accumulation of much s m a l l e r  u n i t  volumes each of which represented  
t h e  whole c o a l  i n  minera l  m a t t e r  p a r t i c l e  s i z e  d i s t r i b u t i o n  a s tudy of 
a s e r i e s  of  s i z e  c l a s s i f i e d  p a r t i c l e s  was undertaken.  F o r  example, i f  
r a w  coal  ( C )  w e r e  ground to  250 pm x 0, and then  s e p a r a t e d  with s tan-  
dard  s i e v e s  i n t o  t h e  s i z e  f r a c t i o n  53 x 4 4  urn, w e  would b e  a f forded  a 
dry  mixture  of r a w  c o a l  p a r t i c l e s  and minera l  p a r t i c l e s  w i t h  an aver-  
age  s i z e  of 4 8  ? 4 pm. F igure  2 i l l u s t r a t e s  t h e  particle s i z e  d i s t r i -  
b u t i o n  of t h e  low tempera ture  a s h  product  of t h e  product  c o a l  a f t e r  
t h e  f r e e  minera l  m a t t e r  p a r t i c l e s  w e r e  removed. The f r e e  minera l  m a t -  
t e r  p a r t i c l e s  i n  t h a t  s i z e  range  must have evolved from l a r g e r  c o a l  
p a r t i c l e s .  Again w e  have  t h e  c h a r a c t e r i s t i c  curve very s i m i l a r  t o  t h e  
curve  shown i n  F i g u r e  1 ( C ) .  I n  f a c t ,  t h a t  p o r t i o n  of t h e  curve t h a t  
l i e s  below 3 urn c a n  most u s u a l l y  be  superimposed on o t h e r  curves  ob- 
t a i n e d  i n  a s imilar  manner from t h e  o t h e r  s i z e  f r a c t i o n s  o f  c o a l  ( C ) .  
Providing,  t h a t  i s ,  t h a t  t h e  c o a l  p a r t i c l e  d iameters  a r e  l a r g e r  t h a n  
10 pm. 

The conclus ion  of that s tudy i n d i c a t e d  t h a t  product  c o a l  p a r t i -  
c l e s  l a r g e r  i n  d iameter  t h a n  t h e  band of m i c r o p a r t i c l e s  seemed t o  con- 
t a i n  t h e  whole p a r t i c l e  d i s t r i b u t i o n  of  t h e  small  m i c r o p a r t i c l e s  of 
mineral  mat te r .  That  is, t h e r e  appeared t o  be a r e l a t i v e l y  homogeni- 
o u s  d i s t r i b u t i o n  of  p a r t i c l e s  throughout  l i m i t e d  i n  t o p  s i z e  by t h e  
l a r g e s t  p a r t i c l e  i n  the t e s t .  
a r a w  coa l  w a s  w e t  m i l l e d  t o  smal le r  s i z e s .  

To e x p l o r e  t h a t  a s p e c t  i n  more depth ,  

When a raw c o a l  i s  wet b a l l - m i l l e d  f o r  a s u f f i c i e n t  t i m e  t o  pro- 
duce a s l u r r y  w i t h  a p a r t i c l e  diameter  mode i n  t h e  range  o f  4 urn . 
t h e r e  r e s u l t s  two forms of minera l  m a t t e r :  
t h e  coal  and t h a t  which i s  s t i l l  enveloped i n  t h e  c o a l  p a r t i c l e s .  
F igure  3 i l l u s t r a t e s  a t y p i c a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  sep- 
a r a t e d  product  c o a l  as compared t o  t h e  separa ted  f r e e  minera l  mat te r  
(90 weight p e r c e n t  a s h )  from one m i l l i n g  t e s t .  The separa ted  mineral  

m a t t e r  is c l e a r l y  smaller i n  diameter  t h a n  t h e  c o a l  which i s  probably 
due t o  i ts  more b r i t t l e  p r o p e r t i e s .  
i n t e g r a t i o n  of t h e  c u r v e s  w i l l  y i e l d  1 0 0 %  of t h e  minera l  mat te r  (or  
a s h )  under c o n s i d e r a t i o n  r a t h e r  t h a n  t h e  a s h  c o n t e n t  of t h e  c o a l  a s  
w a s  t h e  case i n  F i g u r e s  1 and 2. 

That f r a c t u r e d  away from 

Note t h a t  i n  F igures  3 and 4 an 
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When t h e  product  c o a l  shown i n  F igure  3 w a s  s u b j e c t e d  t o  low t e m -  
p e r a t u r e  ash ing  as  descr ibed  above and t h a t  product  s u b j e c t e d  t o  p a r -  
t i c l e  S i z e  a n a l y s i s ,  a curve a s  i s  i l l u s t r a t e d  i n  F igure  4 r e s u l t s .  
C l e a r l y  t h e  enveloped mineral  m a t t e r  i n  t h e  product  coal p a r t i c l e s  i s  
cons iderably  smal le r  i n  diameter  t h a n  t h e  coa l  p a r t i c l e s  from which 
t h e y  came and a s  such a r e  not r e l e a s e d  f o r  s e p a r a t i o n .  

Two very  important  p o i n t s  a r e  i l l u s t r a t e d  i n  F igures  1-4: F i r s t -  
l y ,  it appears  t h a t  as  c o a l  f r a c t u r e  t a k e s  p l a c e  i n  t h i s  system, min- 
e r a l  matter p a r t i c l e s  a r e  e j e c t e d  from t h e  f r a c t u r e d  c o a l  system and 
most without  a t t a c h e d  c o a l .  Coal a t t a c h e d  t o  minera l  mat te r  i s  re- 
covered a s  product  coa l .  The i m p l i c a t i o n  i s  t h a t  t h e  coal-mineral  
matter i n t e r f a c e s  are not  chemical ly  bound. I f  t h o s e  i n t e r f a c e s  were 
chemical ly  bound one would observe minera l  m a t t e r  r e j e c t i o n  w i t h  a 
l a r g e  i n c r e a s e  i n  t h e  sub-micron p a r t i c l e  popula t ion  i n  t h e  r e l e a s e d  
mineral  matter, c f .  F igure  3, as w e l l  as t h a t  i n  t h e  l o w  tempera ture  
a s h  of t h e  product  coa l .  The l a t t e r  i s  n o t  observed a s  i s  i l l u s t r a t e d  
below. 

Secondly, g iven  t h e  low tempera ture  a s h  d i s t r i b u t i o n  of t h e  raw 
c o a l  and a knowledge of t h e  r a w  c o a l  particle s i z e  d i s t r i b u t i o n  a f t e r  
w e t  m i l l i n g ,  w e  a r e  i n  a p o s i t i o n  t o  p r e d i c t  t h e  a s h  c o n t e n t  of t h e  
product  coa l .  Consider F igure  5 where a hypothetical low tempera ture  
a s h  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  superimposed on a T-Process product  
c o a l  s i z e  d i s t r i b u t i o n .  The product  c o a l  p a r t i c l e s  w i t h  d iameters  
l y i n g  between x and dx c o n t a i n  no minera l  m a t t e r  p a r t i c l e s  l a r g e r  than  
dx as t h o s e  p a r t i c l e s  w e r e  removed dur ing  t h e  s e p a r a t i o n  process .  The 
minera l  matter r e t a i n e d  i n  t h e  product  coa l  p a r t i c l e s  i s  t h e  cumula- 
t i v e  mineral  matter c o n t e n t  r e p r e s e n t e d  by t h e  low tempera ture  a s h  
curve.  Since t h e  minera l  conten t  g iven  on t h e  o r d i n a t e  i n  F i g u r e  5 is 
based on l o o % ,  t h e  a s h  conten t  i n  each s i z e  range can  be e s t i m a t e d  by 
m u l t i p l y i n g  t h e  mass f r a c t i o n  of t h a t  p o i n t  by t h e  t o t a l  a s h  c o n t e n t  
i n  t h e  raw c o a l  sample, i . e .  250 m x 0, t h a t  w a s  used t o  g e n e r a t e  t h e  
low temperature  a s h  curve.  

A s p e c i f i c  case i s  examined i n  Table  2 where t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  d a t a  from t h e  low temperature  ash ing  of a 5 c m  cube of 
c o a l  and 44-53 pm coa l  was r e l a t e d  t o  t w o  product  coal samples m i l l e d  
under d i f f e r e n t  c o n d i t i o n s  a l l  of which o r i g i n a t e d  from the  same 
source  c o a l  ( C ) .  The f i r s t  column i n  Table  2 p rovides  t h e  average  
p a r t i c l e  diameter  p o i n t s  (y)  a t  which t h e  d a t a  w e r e  observed.  A com- 
p a r i s o n  of t h e  low temperature  a s h  d a t a  f o r  t h e  5 c m  cube, column 2, 
and for t h e  44-53 urn c o a l ,  column 3, i l l u s t r a t e  t h a t  t h e  f r a c t u r e  of 
c o a l  from a 5 c m  cube t o  48 pm does not  s i g n i f i c a n t l y  d i s t u r b  t h e  min- 
eral  mat te r  p a r t i c l e s  l y i n g  i n  t h e  range of d iameters  below 6 Urn. 
Since a 4 urn p a r t i c l e  of product  c o a l  ought  t o  have t h e  complete  min- 
eral mat te r  p a r t i c l e  d i s t r i b u t i o n  s m a l l e r  t h a n  4 pm enveloped i n  t h a t  
p a r t i c l e ,  a cumulat ive a s h  f r a c t i o n  of t h e  l e s s o r  p a r t i c l e  diameter  
a s h  should be e q u i v a l e n t  t o  t h e  a s h  conten t  w i t h i n  t h e  4 u m  p a r t i c l e s ,  
t h a t  i s ,  2.67 weight  percent  a s h ,  c f .  column 4 a t  4 urn. 

A t e s t  of  t h i s  r e l a t i o n s h i p  i s  af forded  i n  column 5 where w e  ob- 
s e r v e  t h e  mass f r a c t i o n  of p a r t i c l e s  a t  v a r i o u s  d iameters  of  a product  
c o a l  from a s t a n d a r d  m i l l  run w i t h  no chemicals added. The p r e d i c t e d  
a s h  conten t  of  t h e  product  c o a l  i s  determined by a summation,. over a l l  
p a r t i c l e  d iameters  of  t h e  product  of t h e  a s h  conten t  of each diameter  
cumulated by i n c r e a s i n g  diameter ,  (x) t imes  t h e  m a s s  f r a c t i o n  of t h e  
product  c o a l  a t  t h a t  p a r t i c u l a r  diameter  ( y ) .  The p r e d i c t e d  a s h  con- 
t e n t  f o r  t h i s  c a s e  i s  1 .19  weight percent  a s h  which can  b e  compared t o  
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t h e  observed v a l u e  us ing  ASTM procedures  of 1 . 1 2  weight p e r c e n t  ash.  
Following i d e n t i c a l  m i l l i n g  procedures ,  except  f o r  t h e  a d d i t i o n  of 20 
pounds p e r  t o n  l i g n i n s u l f o n a t e ,  a d i s p e r s a n t ,  w e  o b t a i n  a much f i n e r  
s i z e  d i s t r i b u t i o n  as i s  i l l u s t r a t e d  i n  column 6 ,  Table  2 .  The pre-  
d i c t e d  a s h  c o n t e n t  i n  t h a t  case i s  0.68 weight percent  a s h  w h i l e  t h e  
observed va lue  w a s  0 .91 weight  p e r c e n t  ash .  The l a r g e  d iscrepancy  i n  
t h e  f i n e r  c o a l  c a s e  w a s  probably due t o  imperfec t  s e p a r a t i o n  proce- 
dures  t h a t  were caused  by t h e  presence of t h e  d i s p e r s a n t .  The a b i l i t y  
t o  p r e d i c t  a s h  c o n t e n t s  us ing  t h i s  procedure has  been a p p l i e d  t o  
s e v e r a l  d i f f e r e n t  c o a l s  from d i f f e r e n t  seams and t h e  same seam w i t h  
r e s u l t s  u s u a l l y  w i t h i n  t e n  percent .  A c a r e f u l  examination of t h e s e  
d a t a  lends  credence t o  t h e  observa t ion  t h a t  f o r  t h e  m o s t  part t h e  
minera l  m a t t e r  inc luded  i n  coa l  t o  t h e  micron p a r t i c l e  s i z e  range i s  
indeed a d i s t i n c t  s e p a r a b l e  phase capable  of  phys ica l  s e p a r a t i o n  by 
f r a c t u r e .  

The e x t e n t  t o  which m i l l i n g  can  be  c a r r i e d  out  and s t i l l  a t t a i n  
e f f e c t i v e  d e m i n e r a l i z a t i o n  i s  to  a degree  l i m i t e d  by our knowledge of 
m i l l i n g .  Coal B w a s  reduced i n  a s h  i n t o  t h e  range  of 0.5 weight  
percent ,  however, t h a t  l i m i t  appeared t o  be  a f u n c t i o n  of m i l l i n g  phe- 
nomena r a t h e r  t h a n  f r a c t u r e  phenomena. C l e a r l y ,  according t o  t h e  
a n a l y s i s  shown i n  column 5 of Table 2 and t h e  subsequent d i s c u s s i o n ,  
one might expect  a monotonic decrease  i n  product  c o a l  a s h  c o n t e n t  w i t h  
p a r t i c l e  s i z e  d i s t r i b u t i o n  mode t o  z e r o  minera l  matter which has  not  
been observed. What was n o t  a n t i c i p a t e d  was t h e  observa t ion  t h a t  t h a t  
r e l a t i o n  appeared t o  be i n s e n s i t i v e  t o  what might be considered a s  
r a t h e r  severe  changes i n  t h e  chemical  environment during t h e  m i l l i n g  
process  even though s o m e  o f  t h e  chemical a d d i t i v e s  made s i g n i f i c a n t  
changes i n  t h e  m i l l i n g  e f f i c i e n c y ,  i .e . ,  s p e c i f i c  a r e a  i n c r e a s e  p e r  
u n i t  i n p u t  energy. Consider  t h e  e f f e c t  of t h r e e  chemical a d d i t i v e s :  
calcium hydroxide,  sodium l i g n i n s u l f o n a t e ,  and sodium s u l f o s u c c i n a t e ,  
a s  compared t o  t h e  c a s e  of  no a d d i t i v e s  on t h e  p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  of  t h e  product  coal from a s tandard  m i l l  run  shown i n  F igure  6 
where a l l  c o n d i t i o n s  were i d e n t i c a l .  C l e a r l y ,  t h e r e  w e r e  no obvious 
e f f e c t s .  In  t h e  next  s e r i e s ,  shown i n  F igure  7, w e  i n v e s t i g a t e d  t h e  
a d d i t i v e s  ammonium hydroxide,  sodium hydroxide, and a higher  concentra-  
t i o n  of  sodium l i g n i n s u l f o n a t e .  C l e a r l y ,  a dynamic d i f f e r e n c e  i n  
s p e c i f i c  s u r f a c e  a r e a  per  u n i t  i n p u t  energy w a s  observed. The explana- 
t i o n  of t h e  d i f f e r e n c e s  i s  beyond t h e  scope o f  t h i s  paper ,  b u t  what 
w a s  i n t e r e s t i n g  w a s  the e f f e c t  t h a t  t h e  chemicals  had on t h e  f r a c t u r e  
mechanism t h a t  e f f e c t s  t h e  r e l e a s e  of mineral  mat te r .  F igure  8 i l l u s -  
t ra tes  a p l o t  of t h e  a s h  c o n t e n t  i n  t h e  product  c o a l  versus  t h e  mode 
of t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  product  coa l .  A l l  o f  t h e  
tests u t i l i z i n g  chemical  a d d i t i v e s  were m i l l e d  under i d e n t i c a l  condi- 
t i o n s  u t i l i z e d  i n  t h e  t e s t  which produced t h e  "no a d d i t i v e "  d a t a  with 
a 2 um mode. The t h r e e  o t h e r  "no a d d i t i v e "  tests were m i l l e d  f o r  
extended t i m e s  to  a c h i e v e  smal le r  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  T h e  
chemical a d d i t i v e  calcium hydroxide when used a t  20 pounds p e r  t o n  i s  
above t h e  s a t u r a t i o n  l i m i t  and t h e  s o l i d  p a r t i c l e s  have become imbedded 
i n  t h e  coa l  s t r u c t u r e ,  hence i n c r e a s i n g  t h e  a s h  c o n t e n t  of  t h e  product  
coal W e l l  removed from i t s  a n t i c i p a t e d  l o c a t i o n  on t h e  curve.  A mild 
a c i d  e t c h  of t h a t  p roduct  c o a l  t o  remove t h e  calcium hydroxide allows 
recovery of i t s  a n t i c i p a t e d  p o s i t i o n  i n  t h e  scheme. Some of t h e  chemi- 
ca l  a d d i t i v e s  do a l t e r  t h e  s p e c i f i c  m i l l i n g  rate dur ing  t h e  p r o c e s s ,  
b u t  that  change does  not a l t e r  t h e  r e l a t i o n s h i p  between particle f r a c -  
t u r e  and mineral  m a t t e r  r e l e a s e d .  Such lends  support  t o  t h e  presumed 
model t h a t  t h e  u l t r a f i n e  minera l  m a t t e r  is t o  some degree homogeneously 
d i s t r i b u t e d  and i s  o n l y  r e l e a s e d  w i t h  t h e  f r a c t u r e  of t h e  c o a l  p a r t i c l e .  
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Conclusion 

High ranked bituminous c o a l s  l i k e  t h o s e  of t h e  P i t t s b u r g h  seam 
c o n t a i n  a d i s t r i b u t i o n  of d i s c r e t e  minera l  mat te r  p a r t i c l e s  i n  t h e  
s i z e  range from 50 t o  1 !Jm which can  be  r e l e a s e d  and p h y s i c a l l y  
separa ted  from t h e  c o a l  by normal f r a c t u r e  mechanisms experienced i n  
W e t  b a l l  m i l l i n g .  Demineral izat ion of c o a l  by t h i s  mechanism appears  
t o  be  a p r e d i c t a b l e  process  w i t h  a n  e r r o r  i n  t h e  range of 10 percent .  
The deminera l iza t ion  of P i t t s b u r g h  seam c o a l  has  been achieved t o  t h e  
range of 0 .5  weight  p e r c e n t  a s h ,  a l i m i t  which appears  t o  be  c o n t r o l l e d  
by t h e  mechanics of t h e  b a l l  m i l l .  
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TABLE 1 

NOMINAL ANALYSIS  O F  PITTSBURGH SEAM COAL 

Weight Percent  
( D r y  B a s i s )  

V o l a t i l e  M a t t e r  35 
F i x e d  C a r b o n  58 
B T U / l b  14,200 
C a r b o n  11.3 
H y d r o g e n  5.2 
Nitrogen 1.5 
C h l o r i n e  0 .1  

S u l f u r  1.5 
O x y g e n  ( d i f f )  1.6 
A s h  6.8 

TABLE 2 

P A R T I C L E  SIZE DATA FOR L O W  TEMPERATURE ASH PRODUCTS AND PRODUCT COALS 

D a t a  P o i n t  L o w  Temperature  A s h  - W t . %  Product C o a l  - W t . %  
S t a n G d  Standard 

N o  20 pounds/ton 
urn 5 cm C u b e  44-53um 44-53um A d d i t i v e s  L i q n i n s u l f o n a t e  

( C u m u l a -  
t i v e  X) (Y) ( 2 )  (Y) 

0.35 
0.50 
0.71 
1-00 
1.41 
2.0 
2.83 
4.0 
5.66 

0.03 
0.06 
0.19 
0.35 
0.49 
0.67 
0.63 
0.66 
0.66 

0.06 
0.1 
0.18 
0.28 
0.38 
0.52 
0.60 
0.55 
0.55 

0.06 
0.16 
0.34 
0.62 
1.0 
1.52 
2.12 
2.61 
3.22 

0.08 
0.05 
0.085 
0.13 
0.2 
0.18 
0.145 
0.06 
0.04 

0.14 
0.08 
0 -13 
0.20 
0.14 
0.10 
0.05 
0.03 
0.01 

y = 5.66 
N o  A d d i t i v e s  z (X, x Y.,) = 1. 9 W t . %  A s h  Predic  3. 

1.12 W t . %  A s h  O b s e r v e d  y = 0.35 = 
y = 5.66 

L i g n i n s u l f o n a t e  E (Xy x 2,) = 0.68 W t . %  A s h  Predicted 

0.91 W t  .% A s h  O b s e r v e d  y = 0.35 
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